Iron toxicity is one of the main edaphic constraints that hamper rice production in West African savanna and forest lowlands. Although chemical reduction processes of various types of pedogenic iron oxides could not be underestimated, the bulk of these processes can be ascribed to the specific activity of Iron-Reducing Bacteria (IRB). The reducing conditions of waterlogged lowland soils boost iron toxicity through the reduction of almost all iron into ferrous form (Fe 2+ ), which can cause disorder in rice plant and crop yield losses. Aiming to contribute at the improvement of rice yield in Africa, an experiment was developed to evaluate the impact of subsurface drainage on IRB dynamics and activity during rice cultivation. Twelve concrete microplots with a clay-loam soil and a rice variety susceptible to iron toxicity (FKR 19) were used for the experiment. Soil in microplots was drained for 7 days (P1), 14 days (P2), and 21 days (P3), respectively. Control (T) microplots without drainage were prepared similarly. The evolution of IRB populations and the content of ferrous iron in the paddy soil and in soil near rice root were monitored throughout the cultural cycle using MPN and colorimetric methods, respectively. Data obtained were analyzed in relation to drainage frequency, rice growth stage, and rice yield using the Student t test and XLSTAT 7.5.2 statistical software. From the results obtained, the subsurface drainage reduced significantly IRB populations (p = 0.024). However, the drainage did not affect significantly ferrous iron concentration in the soil near rice roots (p = 0.708). The concentration of ferrous iron (p < * Corresponding author.
Introduction
Iron (Fe) toxicity is a nutritional disorder associated with high iron concentrations in the soil solution that affects rice plant in lowland [1] [2] . Large concentrations of ferrous Fe in soil solution may occur either when Fe is mobilized in situ by microbial reduction of ferric Fe [3] or when reduced Fe is translocated into valley bottoms by interflow or subsurface flow from adjacent slopes [4] . Iron toxicity affects more than 50% of lowlands in West Africa [1] [5] . In Burkina Faso, many lowland crop fields were even abandoned due to iron toxicity [1] [6] .
Iron toxicity is associated with large concentrations of reduced iron (Fe 2+ ) in the soil solution. As soon as a soil becomes flooded, the dissolved oxygen is consumed by aerobic bacteria and hemical oxidation reactions. Oxygen is depleted fast in most regions of the soil and alternative electron acceptors are used [7] . In anoxic conditions, Fe (III)-compounds are reduced and it results in ferrous ions production. This reduction of Fe(III) is largely controlled by microbial processes, and coupled to the oxidation of organic matter to support growth [8] . The appearance of iron toxicity symptoms in rice involves an excessive uptake of Fe 2+ by the rice roots and its acropetal translocation into the leaves. A high production of toxic oxygen radicals can damage cell structural components and impair physiological processes [9] [10] . Excessive amounts of iron in the soil in reduced conditions upset the nutrient balance in plants [11] . Besides standard symptoms, i.e. browning and yellowing of leaves [9] , iron toxicity can cause a 10% -100% crop yield losses [5] [12] .
The occurrence of Fe toxicity in flooded soils is often associated with poor drainage, poor nutrient status, acid pH reactions, and a low cation-exchange capacity of the soil [2] [13].
Indeed, the poor level of development of lowlands in West Africa, epitomized with bad water management, generates favorable conditions for the occurrence of iron toxicity [14] - [16] . Thus, areas subjected to iron toxicity generally have drainage problems, and certain management practices, i.e. periodic soil drainage which allows oxidation of the root zone, can reduce iron toxicity for plant [17] [18] .
To contribute to the general effort to improve rice yield in Africa for food security, the present experiment was developed to measure the effect of subsurface drainage on microbiological and chemical parameters sustaining iron toxicity in paddy fields and on rice yield. To eliminate excess iron in soil through water management, concrete microplots were constructed, filled with a clay-loam soil and water was drained periodically during rice cultivation. The iron-reducing bacterial (IRB) populations' density and Fe 2+ content in the paddy soil were monitored during the cultural cycle.
Materials and Methods

Sampling Site
The site for experiments was located at Kamboinse in the central plateau of Burkina Faso (12˚26'48"N and 1˚33'45"W). Experiments were performed on the experimental site of the International Institute for Water and Environmental Engineering (2iE) from August to December 2011. Physical and chemical properties of the soil collected from Kamboinse, are presented in Table 1 . The soil studied had clay-loam texture, a high content of sulfates and iron, had a low organic matter content and wasn't deficient in crop nutrients as N, K and Mg.
Microplots Experiments
Twelve microplots of 1.50 m × 1.20 m × 1.20 m in size (total internal volume: 1.31 m 3 ) were constructed in reinforced concrete to prevent cracks due to temperature changes following the alternation of the rainy and the dry seasons [19] . At the bottom of each microplot (1.45 m depth), perforated PVC pipes were installed and connected to an external tap through the concrete wall to sub-drain the soil (Figure 1) . The design intended to improve circulation of water and oxygen within the rice root zone. Microplots were filled with the clay-loam soil described above, then flooded for 1 week. After the flooding period, two 15-day-old plants of FKR 19 rice (6 -7 tons/ha of potential yield), developed by the Institute for Environment and Agricultural Research (INERA) from Oryza sativa rice, were transplanted at 20 cm hill intervals. Then, the soil was continuously flooded until rice maturity and harvest. Three replications and four modes of drainage were performed throughout the study: without drainage (control: T) and drainage for 7 days (P1), 14 days (P2) and 21 days (P3), respectively by regulating the drained water flow from the bottom tap (Figure 1) . Chemical fertilizers (NPK and urea) were applied in the microplots according to the recommended doses of 300 kg/ha of N-P-K (14-23-14) and 100 -150 kg/ha of urea [20] [21].
Enumeration of Iron-Reducing Bacterial Populations
Iron-Reducing Bacteria (IRB) numbers were determined by the most-probable-number (MPN) method.
Medium for enumeration: The basal medium for enumeration was adapted from Hammann and Ottow [22] (1 g). The pH was adjusted to 7.2 by addition of NaOH before 9 ml were dispensed into 34 ml Hungate tubes. The tubes were then autoclaved at 121˚C for 15 min.
Soil dilution and enumeration conditions: Soil (0 -15 cm) samples were collected before transplanting and near rice hills after transplanting with a small corer and immediately introduced into air-free 10 ml Veinoject tubes. Tubes were carried to the laboratory and kept at 4˚C until bacterial enumeration. Soil (5 g) from tubes was ground using a sterilized pestle and mortar and suspended in 45 ml sterile 0.5% (w/v) MgCl 2 , 6H 2 O solution. One milliliter of the mixed soil suspension was placed into 9 ml sterile 0.5% MgCl 2 •6H 2 O solution in Hungate tubes and diluted successively to 10 −9 diluted suspension. One milliliter of the 10 −1 to 10 −9 fold diluted suspen- sion was inoculated to 9 ml of the basal medium for enumeration in Hungate tubes. Three tubes per dilution were used. Tubes were incubated at 30˚C in the dark for 5 days, then immediately analyzed for Fe 2+ after addition of 0.2% ortho-phenantroline and 10% acetic acid according to Prade [23] . Positive tubes sustaining the reduction of Fe 3+ (Fe 2 O 3 ) into Fe 2+ (reddish coloration) were revealed by measuring optical density at 510 nm using a spectrophotometer. The MPN number of IRB was determined using a MPN table for three tubes according to Hugues and Plantat [24] . Bacterial enumeration was performed before flooding when the soil was dried, on transplanting day (1 week after flooding) and during the rice growth stages until harvest near rice hills.
Determination of Ferrous Iron Content in Soil
From the soil sampled for bacterial enumeration and at the same periods during the rice cultural cycle, Vizier [25] method was used to measure the content of ferrous iron in the soil solution, using 0.2% ortho-phenantroline and 10% acetic acid reagents as described above.
Statistical Analysis
Data obtained were analyzed for IRB populations' development and activity, drainage mode, rice growth stage and rice yield variations using the Student's t-test and XLSTAT 7.5.2 statistical software. Mean parameters were compared according to the Newman Keuls' test at 5% probability level.
Results and Discussion
Effect of Soil Moisture on IRB Populations Dynamic and Ferrous Iron Content in Soil near Rice Roots
Densities of IRB enumerated on soil before flooding, when the soil was dried and on soil near rice roots during the rice growth stages, are shown in Figure 2 and expressed as log 10 (most probable population number g −1 dry soil). The number of IRB in the soil near rice roots increased after one week of flooding for all microplots (Figure 2 ). An increase in IRB population number of 124.63%, 40.89%, 52.84% and 98.92% was recorded in Figure 2 . Densities of Iron-Reducing Bacteria in soil before flooding, at transplanting day, and in soil near rice roots during the cultural cycle of FKR 19 rice in microplots without drainage (T), and drained for 7 days (P1), 14 days (P2) and 21 days (P3), respectively (means of 3 replicates).
the soil of the control (T), P1, P2, and P3 drained microplots, respectively. Hammann and Ottow [22] reported that soon as a soil is flooded or submerged by stagnant water, the reductive processes start [26] [27] . During the process, oxygen is consumed by soil respiration (bacteria and fungi mainly) and a large amounts of mineral elements as Fe III and nutriments were released in the soil solution [28] . In these conditions Fe III was used as electron acceptor by IRB, for anaerobic respiration coupled to organic compound biodegradation [7] [8] [29] - [31] . Our findings are in agreement with the results of Ouattara [6] which reported that lactate-utilizing IRB enumerated in Burkina Faso paddy soil (Kou Valley), ranged from 3.5 × 10 2 -7.3 × 10 2 cells/g dry soil before flooding to 2 × 10 4 -6 × 10 7 cells/g dry soil after flooding. As also underlined Jacq et al. [17] and Betremieux [32] , the growth of Iron-Reducing Bacteria is stimulated by flooding. Fe 2+ content in soil before flooding when the soil was dried and in soil near rice roots during the rice growth stages, are shown in Figure 3 and expressed as log 10 (µg/g dry soil). The concentration of ferrous iron increased after one week of flooding in the soil near rice roots for all microplots (Figure 3) . After flooding, a concentration increase of 73.07, 31.9, 34 and 26.53% was recorded in the soil of the control and in P1, P2, P3 drained microplots, respectively.
The concentration of ferrous iron increased after one week of flooding in the soil for all the microplots (Figure 3) . This result is in agreement with the findings of Jacq et al. [17] and Betremieux [32] who reported the same increment of ferrous iron content in soil after the flooding of a Senegal paddy soil.
Iron toxicity only occurs in flooded soils and affects primarily the production of lowland rice [9] [11]. Cherif et al. [1] and Shahid et al. [11] underlined that the reducing conditions of waterlogged lowland soils boost iron toxicity through solubilization of almost all iron into its ferrous form (Fe 2+ ). After flooding, oxygen is depleted rapidly by the respiration of soil microorganisms [33] . With the depletion of oxygen, Fe 3+ can act as electron acceptor for microbial respiration and sequentially become reduced. Within a few days after inundation or at a redox potential of <180 -150 mV, the reduction of Fe 3+ begins [7] [17] [34] . 
Effects of Rice Plant on IRB Populations' Dynamic and Activity
Jacq et al. [17] , reported that the amount of ferrous iron in the soil solution of flooded soils are significantly higher in planted than in unplanted soil. In the present study, the number of IRB and ferrous iron content in soil near rice roots increased gradually with fluctuations from transplanting day to rice flowering and maturity stages in all the paddy microplots (Figure 2 & Figure 3) . In most microplots, the highest densities of IRB were recorded from rice tillering and flowering to maturity stages, at which bacterial population number could reach 10 6 to 10 7 /g dry soil. The highest levels of ferrous iron in soil near rice roots were recorded also from rice tillering and flowering to maturity stages at which it could reach 10 3 to 10 4 µg/g dry soil. IRB population density and ferrous iron concentration in soil near rice roots appeared particularly high during the tillering and flowering to maturity stages of rice growth (Figure 2 & Figure 3) . Our results are in agreement with those obtained by Jacq et al. [17] who recorded also a similar evolution pattern of IRB population in Senegal paddy soils during rice cultural cycle. However, these findings are not in agreement with the results of Ouattara [6] , who reported constant IRB populations in a rice paddy soil of Burkina Faso (Kou Valley) after 21 days of flooding. The high physiological activities of rice plant in tillering, flowering and maturity stages, may result in the production of more substrates available for bacterial growth [28] . These periods which correspond to the highest level of reduced soil condition may enhance the exudation of carbohydrates and other metabolites sustaining IRB population growth and ferrous iron highest content in soil [8] [17].
Impact of Drainage on IRB Populations' Development and Activity
The variance of IRB numbers in soil near rice roots, in relation to drainage and sampling period during rice growth is presented in Table 2 . The Newman Keuls' test revealed that the number of bacteria in the paddy soil near rice roots was significantly related to drainage (p = 0.024), sampling period (p < 0.0001) and combined both factors (p < 0.001, Table 2 ). Throughout the experiment, the average number of IRB population in the soil of microplots decreased significantly (p = 0.024) with drainage of water in P1 and P2 microplots, relatively to the control (T) and P3 ones ( Table 3 ). The rate of decrease was 2.2% and 3.24% in P1 and P2 drained microplots relatively to the control, respectively. However, no significant difference was observed between IRB populations in the soil of T and P3 microplots ( Table 3) .
The variance of soil Fe 2+ content in soil in relation to drainage and sampling period during rice growth is presented in Table 2 . It appeared that drainage alone had no significant effect on the soil near rice roots ferrous iron content (p = 0.708). However, the sampling period in relation to rice growth stage affected significantly the soil ferrous iron content (p < 0.0001). The combined effects of drainage and sampling period also affected significantly (p = 0.007) the content of ferrous iron in soil near rice roots. Ferrous iron content evolution in soil during the cultural cycle of rice appears similar for drained and not-drained microplots (Figure 3) .
Most of the highly active Iron-Reducing Bacteria are anaerobe or facultative anaerobe. IRB are very efficient in anoxic conditions, and thus oxygenation reduces their growth [17] . However, the IRB population number in the soil of the P3 drained microplots increased slightly (1.01%) indicating that some among the IRB population can survive and grow in aerobic compartments in the presence of low pressure of oxygen where a surplus of oxygen is released by healthy roots [17] [23] .
Survival of IRB populations and ferrous iron production in drained microplots could be, also explained by heterogeneous distribution of oxygen through the drainage creating anoxic compartments. A lack of oxygenation of these microsites in drained microplots promotes IRB population survival [7] and ferrous iron production [3] . An efficient oxygenation of soil near rice roots by water drainage would significantly reduce anaerobic IRB population's activity.
Impact of Drainage on FKR 19 Rice Yield
Becker and Folkard [9] and Shahid et al. [11] reported that symptoms of iron toxicity in rice result from excessive uptake of ferrous ions by the roots and their acropetal translocation through xylem outflow to the aerial parts. According to these authors, the typical symptoms linked to this are the bronzing or yellowing processes of the leaves [9] [11] . In the present study, symptoms of rice iron toxicity weren't observed in all the microplots. One raison may be the FKR 19 rice variety is not susceptible to iron toxicity as reported some studies [19] . As also reported Keita [19] , even the oxygenation in the root zone was not enough to prevent the growth of Iron-Reducing Bacteria and the ferrous iron concentration, it did help in increasing the soil pH (from 5.7 to 7.3) which will limit the absorption of ferrous iron by the rice and thus, improve rice yield [11] [35] . Rice plants can develop also physiological avoidance and/or tolerance mechanisms [7] [36] [37] to survive under Fe-toxic condition such as: oxidation of ferrous iron at the root surface (Fe-oxidizing power) [38] , exclusion of Fe at the root surface (Fe-excluding power) [39] [40] , retention of Fe in the root tissue (Fe-retaining power) [39] [40] or leaf tissue tolerance to excess amounts of Fe [41] .
Chemical fertilizers (NPK and urea) application in microplots may also explain these results [11] . Many studies reported that amendment of paddy soil in mineral element may reduce symptoms of iron toxicity for rice [37] [42] [43] . In fact, iron toxicity is also defined as a multiple nutritive disorder further increased by mineral deficiencies through excesses of H 2 S [13] [44] [45] . Deficiencies in minerals may enlarge the root permeability that enhances exudation, oxygen-consumption and iron-reduction, finally leading to severe iron toxicity [46] - [48] .
In the present study, the symptoms of iron toxicity for rice plant were not observed according IRRI standard evaluation systems for rice [49] in all the microplots and no significant difference (p = 0.209) was found for rice yield among treatments. However, drained microplots, in particular P2 microplot, showed the highest yield (Figure 4) . These results are in agreement with those of Keita [19] and Ethan et al. [45] which reported that drainage in iron-toxic soils increased grain yield of lowland rice by the reduction of ferrous iron absorption of rice plant. Indeed, in oxygenated rice soil, the greatest fraction of iron (II) is present in precipitated forms (ferrous iron inactive forms) as siderite [7] [45] . Soil oxygenation by water drainage affected also iron (II) profiles by iron (II) oxidization in a fast chemical and microbial reaction to iron (III) in zones where oxygen is present [7] [50].
Conclusion
The study revealed that flooding decreases Iron-Reducing Bacteria population's number in soil near rice roots. Despite the aeration of paddy soil by drainage, IRB population's number and activities appeared to be modulated mainly by the physiological activity of rice plant. Thus, ferrous iron content and IRB number were high in soil near rice roots during tillering, flowering and maturity stages. IRB activity did not exhibit a deleterious effect on rice yield due probably to the soil quality, drainage, chemical fertilizers application in microplots (NPK and urea) and/or to the rice variety (FKR 19) . Although, no significant difference was observed for rice yield among drainage treatments, drained microplots showed the highest yields. Thus, an efficient oxygenation of soil by subdrainage may be a key factor for ferrous iron toxicity control in paddy field.
